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ABSTRACT 

The use of pan-HDACi for disease treatment has gained an interest in recent years, albeit 

exhibiting low specificity, variable efficacy and side effects. Each HDAC with its own activity 

could be considered as an independent pharmacological target to develop an effective therapy that 

circumvents the adverse effects of pan-HDACi treatment. HDAC8 belongs to class I HDAC and 

is known to modulate cohesin complex activity through deacetylation of SMC3. It possesses a 

unique structure among HDACs, which allowed the development of highly specific inhibitors, 

such as the PCI-34051. However, HDAC8 function and its involvement in pathological conditions 

is still largely unknown. To examine in depth HDAC8 physiological and pathological roles and 

assess whether it can represent a valuable pharmacological target, we analysed its function and the 

effect of its inhibition by using both in vitro (cell lines) and in vivo (zebrafish) models. In 

particular, we assessed HDAC8 function in three different tissues and related disorders: i) 

haematopoietic stem and progenitor cells (HSPC) and acute myeloid leukemia (AML); ii) neural 

stem cells (NSC) and Cornelia de Lange syndrome (CdLS); iii) skeletal muscle and Duchenne 

muscular dystrophy (DMD). We found that HDAC8 overexpression increased the proliferation of 

HSPCs in zebrafish and that its inhibition with PCI treatment restored normal phenotype, 

favouring cell cycle arrest, and induced apoptosis of AML cells. By contrast, HDAC8 knockdown 

lead to impairment of both central nervous system development and skeletal muscle 

differentiation. Furthermore, we found that HDAC8 overexpression is also associated with DMD 

phenotype and demonstrated that treatment with PCI inhibitor almost restored normal condition. 

Such positive effects were underlined by multiple mechanisms, which included cell cycle arrest, 

apoptosis induction and modulation of canonical Wnt pathway. Moreover, by acetylome profiling 
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we identified Ŭ-tubulin as HDAC8 target thus revealing HDAC8 involvement in regulation of 

microtubule structure. 

Additionally, to confirm the involvement of HDAC8 in the aforementioned pathologies, we 

investigated also the role of its partner NIPBL. By RNA-seq analysis we assessed the effect of 

NIPBL knockdown on gene expression revealing a number of differentially expressed genes linked 

to pathways altered in CdLS or AML.
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1. INTRODUCTION  

1.1 HDAC8 

1.1.1 An overview on histone deacetylases 

Histone deacetylases (HDACs) are a highly conserved family of enzymes that are responsible for 

the removal of acetyl moieties from lysine residues. Since their discovery, 18 human HDAC 

isoforms were characterized and classified on the basis on their structure, function, sub-cellular 

localization and homology to yeast HDACs. According to these criteria, four classes were 

identified: class I, which comprises HDAC1,2,3 and 8; class II, which is further subdivided into 

class IIa, including HDAC4,5,7 and 9, and class IIb, composed by HDAC6 and HDAC10; class 

III , which is the class of the sirtuins family (SIRT1-7); class IV, with a unique member HDAC11. 

Classes I, II and IV HDACs are Zn2+-dependent enzymes sharing a conserved catalytic domain. 

By contrast, class III sirtuins are NAD+-dependent deacetylases and present a different catalytic 

domain compared to other HDACs (Parbin et al. 2014). Class I HDACs are mainly nuclear, 

whereas other classes members are able to shuttle from the nucleus to the cytoplasm and sirtuins 

were found to localize also in mitochondria (Banerjee et al. 2019). 

HDACs were initially identified as negative regulators of gene expression: deacetylation of lysines 

on histone tails by HDACs increases the positive charge of tails, which in turn bind to the negative 

charged DNA, causing chromatin condensation and preventing transcription. Since HDACs lack 

DNA-binding capability, they require association with protein complexes to execute their gene 

expression modulation activity (Patra et al. 2019). In addition to this well-known function, studies 

revealed that HDACs are also involved in post-translational modification of non-histone proteins, 

regulating diverse cellular processes such as cell cycle progression, apoptosis and cytoskeleton 

dynamics. For example, class I HDACs were reported to deacetylate several transcription factors 
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(Banerjee et al. 2019), whereas HDAC6 was demonstrated to deacetylate tubulin (Hubbert et al. 

2002). 

 

1.1.2 HDAC8: structure and substrates 

Histone deacetylase 8 (HDAC8) is the last characterized class I HDAC. It is a ubiquitously 

expressed Zn2+-dependent HDAC mapped on human chromosome X (Buggy et al. 2000; Hu et al. 

2000; Van Den Wyngaert et al. 2000). HDAC8 is the smallest class I HDAC and studies revealed 

that it is characterized by unique features compared to other members of its class. Structurally, 

HDAC8 is a 42 kDa protein (377 amino acids) consisting of a N-terminal serine binding domain 

and a HDAC catalytic domain, which also contains the nuclear localization signal. Like other class 

I members, HDAC8 possesses a catalytic tyrosine Y306, which is preceded by a class I HDAC 

specific tetra-glycine motif (G302GGGY) (Porter et al. 2016). These glycine residues were proven 

to play a crucial role in deacetylation reaction, as single amino acid substitutions cause loss of 

Y306 catalytic activity (Porter et al. 2016). The active site of the enzyme is constituted by a tunnel 

that leads to a cavity in which the catalytic site resides. According to crystallography studies, the 

tunnel is formed by amino acids F152, F208, H180, G151, M274 and Y306, which are conserved 

among class I HDACs, except for methionine 274, which is a leucine in all other class I members 

instead (Somoza et al. 2004). As for the catalytic domain, it presents 7 loops (L1-L7) and the Zn2+ 

ion is located between L4 and L7 (Lombardi et al. 2011). Compared to other class I HDACs, 

HDAC8 lacks the C-terminal protein binding domain, which is required for the recruitment to 

complexes regulating HDACs function, thus suggesting either its activity might not require co-

complexes or it might use different recruitment mechanisms (Somoza et al. 2004). Also, in 

proximity of the active site HDAC8 possesses a peculiar N-terminal L1 loop, in terms of size and 

composition as well as of flexibility. In fact, the L1 loop is highly flexible and capable of 

undergoing conformational changes to accommodate different substrates (Somoza et al. 2004). 

Additionally, HDAC8 differs from other class I HDACs due to its unique regulation by cAMP-
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dependent protein kinase (PKA), which negatively modulates its deacetylase activity by 

phosphorylation of serine S39 (H. Lee, Rezai-Zadeh, and Seto 2004). 

Despite belonging to class I, HDAC8 was shown to localize both in the nucleus and in the 

cytoplasm (Waltregny et al. 2005; J. Li et al. 2014). Whether histones can be considered HDAC8 

targets is still debated. In fact, while in vitro deacetylase assays indicated HDAC8 activity over 

histones and histone tail-derived peptides (Buggy et al. 2000; Hu et al. 2000; Van Den Wyngaert 

et al. 2000; H. Lee, Rezai-Zadeh, and Seto 2004), successive acetylome studies failed in 

identifying acetylation changes of histones following HDAC8 modulation (Olson et al. 2014; 

Schölz et al. 2015). On the contrary, among nuclear substrates, several proteins involved in 

transcription regulation and mRNA processing were identified. The first evidence of deacetylation 

of transcription factors by HDAC8 was reported by Wilson and colleagues, who showed that 

HDAC8 positively modulates estrogen-related receptor Ŭ (ERRŬ) binding to DNA, both in vitro 

and in vivo (Wilson et al. 2010). More recently, an acetylome study identified other transcription 

factors and mRNA processing modulators as candidate HDAC8 targets, such as retinoic acid 

induced 1 (RAI1), AT-rich interactive domain-containing protein 1A (ARID1A), zinc finger Ran-

binding domain-containing protein 2 (ZRANB2) and nuclear receptor co-activator 3 (NCOA3) 

(Olson et al. 2014). Interestingly, HDAC8 was shown to negatively modulate p53 function. Wu 

and colleagues demonstrated that HDAC8 not only suppresses p53 activity through deacetylation 

of Lys382, but also downregulates its expression, thus promoting cell cycle progression and 

inhibiting intrinsic apoptotic pathway (Wu et al. 2013). Importantly, p53 deacetylation by HDAC8 

was demonstrated to play a pivotal role in favouring long-term hematopoietic stem cell (LT-HSC) 

survival under hematopoietic stress, as conditional Hdac8ȹ/ȹ mice showed a progressive loss of 

HSC repopulating capability over time (Hua et al. 2017). Another well-known HDAC8 nuclear 

substrate is the cohesin complex protein structural maintenance of chromosome 3 (SMC3), which 

acetylation/deacetylation modulate cohesin recycling (see paragraph 1.1.3) (Deardorff, Bando, 

et al. 2012; Schölz et al. 2015).  
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As for cytoplasmic substrates, HDAC8 seems to be mainly involved in the deacetylation of targets 

associated with cytoskeleton dynamics. Li and colleagues demonstrated that HDAC8 is 

responsible for cortactin deacetylation in smooth muscle tissue in response to acetylcholine 

stimulation, thus strongly affecting smooth muscle contraction as deacetylated cortactin is able to 

induce actin polymerization (J. Li et al. 2014). Also, HDAC8 was shown to associate with smooth 

muscle Ŭ-actin (Waltregny et al. 2005; Saito et al. 2019). Similarly, HDAC8 inhibition was 

reported to negatively affect TGFɓ1-induced contraction in human lung fibroblasts (Saito et al. 

2019). Moreover, a recent paper highlighted a new role for HDAC8 as an Ŭ-tubulin deacetylase in 

HeLa cells (Vanaja, Ramulu, and Kalle 2018). 

In addition to its canonical deacetylase activity, a scaffolding function has been proposed for 

HDAC8. Evidence supporting this hypothesis came from Gao and colleagues, who showed that 

HDAC8 binds both cAMP response element-binding protein (CREB) and protein phosphatase 1 

(PP1), thus favouring CREB dephosphorylation by PP1 and reducing CREB-mediated gene 

expression (J. Gao et al. 2009). 

 

1.1.3 HDAC8 and cohesin 

Cohesin is a ring-shaped multiprotein complex which is highly conserved among species. It 

favours DNA encircling and mediate diverse functions, such as modulation of sister chromatid 

cohesion during cell cycle (Michaelis, Ciosk, and Nasmyth 1997; Watrin and Peters 2009; 

Jeppsson et al. 2014) and transcriptional regulation by both mediating chromatin architecture 

modification (Wendt et al. 2008; Kagey et al. 2010; Seitan et al. 2013; Lyu, Rowley, and Corces 

2018; Bernardi 2018) and interacting with RNA polymerase II. 

The core structure of the complex in human is composed by structural maintenance of chromosome 

1 and 3 (SMC1 and SMC3), by the Ŭ-kleisin subunit RAD21 (homologue of yeast Scc1) (Nasmyth 

2011) and by either stromal antigen 1 or 2 (SA1 and SA2, also known as STAG1 and STAG2) 

(Canudas and Smith 2009). In addition, several other factors associate with cohesin to modulate 
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its function, such as the Nipped B-like (NIPBL) and MAU2 proteins, which are responsible for 

loading the complex onto DNA (Ciosk et al. 2000; Krantz et al. 2004). 

Cohesin operates in a cyclic manner (Figure 1): it is loaded onto DNA, performs its function and 

then is removed from the chromosome to start a new cycle. For the proper occurrence of this cycle, 

the acetylation of SMC3 is crucial, as it makes the complex cohesive. In human acetylation of 

SMC3 occurs on K105/K106 and is performed by ESCO1 or ESCO2 acetyltransferase (Hou and 

Zou 2005; Vega et al. 2005), whereas HDAC8 deacetylates the subunit to mediate recycling of the 

complex (Deardorff, Bando, et al. 2012). 

 

Figure 1: Cohesin complex and accessory factors. Adapted from (Pezzotta et al. 2019) 

 

1.1.4 HDAC8 and disorders 

In the last years some studies revealed increasing evidence of HDAC8 involvement in several 

diseases, ranging from cancer to viral infections (Figure 2). The first description of HDAC8 

involvement in human disorders was in patients affected by Cornelia de Lange Syndrome (CdLS) 

(Deardorff, Bando, et al. 2012; Kaiser et al. 2014; Feng et al. 2014; X. Gao et al. 2018), a 

multiorgan disorder characterized by intellectual disability, facial dysmorphism, growth 
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retardation, limb defects and cardiac anomalies (Kline et al. 2018) and associated to mutation of 

cohesin members (Tonkin et al. 2004; Krantz et al. 2004; Musio et al. 2006; Deardorff et al. 2007; 

Deardorff, Wilde, et al. 2012). In these patients HDAC8 mutations are mainly de novo missense 

mutations causing complete or partial loss of deacetylase activity and they were reported to 

associate with severely skewed X inactivation, thus suggesting a strong negative selection for the 

mutant allele (Deardorff, Bando, et al. 2012; Decroos et al. 2014; Kaiser et al. 2014). How HDAC8 

or other cohesin subunits mutations cause CdLS is still debated. Sister chromatid cohesion was 

unaffected in CdLS patients (Castronovo et al. 2009), but recent works highlighted dysregulation 

of multiple vital biological processes in mutant cohesin cell lines (Liu et al. 2009; Yuen et al. 2016; 

Mills et al. 2018), thus suggesting that the mechanism underlying the syndrome may be a genome-

wide gene expression dysregulation. Indeed, HDAC8 mutations cause dysregulation of gene 

expression in a lymphoblastoid cell line (LCL) derived from a CdLS patient and the genome 

alteration strongly correlated with those found in cell lines carrying mutation of NIPBL (Deardorff, 

Bando, et al. 2012). 

Differently from CdLS, no HDAC8 mutation has been associated to cancer so far. Conversely, 

HDAC8 dysregulation or overexpression was reported. A study by Nakagawa and colleagues 

identified HDAC8 overexpression in several cancers, including lung, gastric, pancreas and colon 

cancers (Nakagawa et al. 2007). In hepatocellular carcinoma HDAC8 upregulation was associated 

to increased proliferation and inhibition of apoptosis (Wu et al. 2013), whereas in a model of non-

alcoholic fatty liver disease-associated hepatocellular carcinoma (NAFLD-associated HCC) it was 

demonstrated to both sustain NAFLD by inducing insulin resistance and promote tumour growth 

by positively modulating the canonical WNT pathway (Tian et al. 2015). In breast cancer cells 

HDAC8 was reported to promote invasion through induction of metallopeptidase 9 (Park et al. 

2011) and its high expression was correlated with advanced stage neuroblastoma and poor 

outcome (Oehme et al. 2009). HDAC8 was associated to haematological malignancies as well. In 

a study by Moreno and colleagues, an increase in HDAC8 expression was found in a group of 94 
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childhood acute lymphoblastic leukemia (ALL) patients (Moreno et al. 2010). Its overexpression 

was reported also in adult T cell leukemia/lymphoma (TLL) (Higuchi et al. 2013) and in human 

myeloma cell lines (Mithraprabhu et al. 2014). Interestingly, in a particular subset of acute myeloid 

leukemia (AML) patients carrying an inversion on chromosome 16 (inv(16)), HDAC8 was 

demonstrated to interact with the resulting fusion protein, CBFɓ-SMMHC, consisting of the 

RUNX1 binding interface of core-binding factor ɓ (CBFɓ) and the coiled-coil rod region of smooth 

muscle myosin heavy chain (SMMHC) (Durst et al. 2003). More recently, Qi and colleagues 

showed that the inv(16) fusion protein leads to increased deacetylation of p53 by HDAC8, thus 

causing p53 inhibition and promoting survival and proliferation of inv(16)+ AML CD34+ cells. 

Interestingly, they identified an increased HDAC8 expression not only in inv(16)+ AML CD34+ 

cells, but also in non-inv(16)+ CD34+ cells deriving from AML patients (Qi et al. 2015), suggesting 

that a specific HDAC8 inhibition could be a promising therapeutic treatment for several types of 

AML . In addition to the negative modulation of p53 activity, HDAC8 was proposed to contribute 

to tumour progression through interaction with ever-shorter telomerase 1B (EST1B), which 

prevents ubiquitin-mediated EST1B degradation and increases telomerase activity in Hela cells 

(Heehyoung Lee et al. 2006). 

Besides CdLS and cancer, HDAC8 was also associated to infections. In fact, the HDAC8 ortholog 

of Schistosoma mansoni was demonstrated to be crucial for the survival of the parasite worm 

(Marek et al. 2013) and human HDAC8 was shown to promote penetration of Influenza A and 

Uukuniemi virus into cells (Yamauchi et al. 2011). 
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Figure 2: HDAC8 is associated to several diseases. From (Banerjee et al. 2019)  
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1.2 HDAC inhibitors 

1.2.1 HDACi: pros and cons 

HDAC inhibitors (HDACi) are drugs that block the activity of histone deacetylases, thus restoring 

or increasing acetylation levels of histones and other non-histone target proteins. HDACi mainly 

comprise four classes of molecules: short chain fatty acids, hydroxamic acids, benzamides and 

cyclic tetrapeptides (Fischer et al. 2010).  

HDACi are now widely used as anti-cancer drugs because different tumours show a global 

decrease of acetylation levels due to HDACs overexpression (Parbin et al. 2014). Studies involving 

HDACi showed their potential in inhibiting tumours survival and progression in both solid and 

haematological malignancies (Ceccacci and Minucci 2016; Imai, Maru, and Tanaka 2016; 

Eckschlager et al. 2017). This anti-cancer activity is related to multiple mechanisms of action of 

HDACi, which include cell cycle arrest, modulation of pro- and anti-proliferative factors such as 

proliferating cell nuclear antigen (PCNA) and p21, apoptosis induction and inhibition of 

angiogenesis (Kuefer et al. 2004; X. N. Li et al. 2005; Shabbeer et al. 2007; Sun et al. 2009). In 

the wake of these promising results, several HDACi are currently under pre-clinical study or 

clinical trials as anti-cancer treatment and the Food and Drug Administration (FDA) already 

approved clinical use for four of them, namely vorinostat, romidepsin, belinostat and panobinostat. 

In particular, vorinostat (also known as suberoylanilide hydroxamic acid, SAHA) and romidepsin 

are currently used in the treatment of cutaneous T-cell lymphoma (CTCL), whereas belinostat and 

panobinostat were approved for the treatment of peripheral T-cell lymphoma and multiple 

myeloma, respectively (Eckschlager et al. 2017). In addition to their anti-cancer effects, HDACi 

have emerged as a potential therapeutic approach also for other pathologies, such as 

neurodegenerative and psychiatric disorders (reviewed by (Qiu et al. 2017)). Interestingly, HDACs 

inhibition has recently emerged as an attractive pharmacological approach for the treatment of 

Duchenne muscular dystrophy (DMD), a X-linked skeletal muscle disorder caused by mutations 

in the DMD gene encoding for dystrophin (Hoffman, Brown, and Kunkel 1987). In fact, several 
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works revealed a crucial role for HDACs in the epigenetic regulation of myogenesis (Sincennes, 

Brun, and Rudnicki 2016) and their inhibition was proven to favour myoblasts fusion and 

myogenic differentiation by promoting skeletal muscle differentiation and regeneration (Iezzi et 

al. 2002; 2004; Kobayashi et al. 2007; Saccone et al. 2014). In this regard, HDACi efficacy in in 

vivo DMD models has already been proven (Minetti et al. 2006; Colussi et al. 2008; Johnson, Farr, 

and Maves 2013) and HDACi Givinostat is currently in phase III clinical trial. 

Despite displaying a promising potential, HDACi use is still limited by safety issues, which are 

likely due to the lack of specificity. In fact, due to structure conservation among HDACs, most of 

the HDACi are nonselective and act as pan-HDACi, thus conditioning a number of cellular 

processes as a result of inhibition of all HDAC proteins, causing a number of side effects, including 

nausea, anorexia, thrombocytopenia and metabolic dysfunctions (Subramanian et al. 2010). As a 

consequence, many HDACi failed to pass clinical trials. Thus, current efforts focus on better 

understand the role of single HDACs in pathologies and develop more selective inhibitors in order 

to improve therapy outcome. 

 

1.2.2 HDAC8 specific inhibition 

The peculiar structure of HDAC8 (Somoza et al. 2004) allowed the development of highly specific 

inhibitors, even though none of them has been approved for clinical use yet (Banerjee et al. 2019). 

To date, more than 20 HDACi showed HDAC8 inhibition capability, including pan-HDACi and 

HDAC8 selective inhibitors. Several compounds that exhibit HDAC8 inhibition specificity were 

identified, such as hydroxamic acids (KrennHrubec et al. 2007), triazoles (Suzuki et al. 2014) and 

meta-sulfamoyl N-hydroxybenzamides (Zhao et al. 2018). Most potent HDAC8 selective 

inhibitors include tetrapeptide derivatives (Vaidya et al. 2012), aryl hydroxamate derivative PCI-

34051 (Balasubramanian et al. 2008) and triazole analogue OJI-1 (Ingham et al. 2016). 

Interestingly, PCI-34051 (hereafter PCI) showed a >200-fold specificity for HDAC8 than other 

HDAC isoforms (Balasubramanian et al. 2008).  
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HDAC8 inhibition was extensively assessed as an anti-cancer approach and it was reported to 

mediate several anti-tumoral mechanisms. In in vitro and in vivo models of neuroblastoma, 

treatment with HDAC8 specific inhibitors induced apoptosis and retinoic acid-mediated 

differentiation together with growth arrest through upregulation of p21 (Rettig et al. 2015). Similar 

results were reported by Lopez and colleagues, who observed S-phase cell cycle arrest and 

apoptosis in human and mouse malignant peripheral nerve sheath tumour (MPNST) cell lines 

following treatment with HDAC8 inhibitors (Lopez et al. 2015). Consistently, PCI treatment 

determined cell cycle arrest and apoptosis in BEL-7404 and PLC5 liver cancer cells but not in 

LO2 and HepG2 cell lines, which expressed low HDAC8 levels (Tian et al. 2015). Also, in 

inv(16)+ CD34+ AML HSCs inhibition of HDAC8 restored p53 acetylation, causing p53-

dependent apoptosis and abrogating AML survival and progression (Qi et al. 2015). Differently, 

in T-cell lymphoma cell lines PCI treatment induced caspase-mediated apoptosis by PLCɔ1-

dependent calcium mobilization (Balasubramanian et al. 2008). In colon cancer cells HDAC8 

inhibition by methylselenocysteine (MSC) induced activation of Bcl2-modifying factor (BMF)-

mediated apoptotic pathway (Kang et al. 2014). In breast cancer cell lines, PCI treatment inhibited 

proliferation and reduced migration (An et al. 2019). Interestingly, Dasgupta and colleagues 

suggested that alteration of cohesin transcriptional activity might not be one of anti-tumoral 

mechanisms underlying HDAC8 inhibitors efficacy, as one could expect due to HDAC8 regulation 

of SMC3 acetylation status (Dasgupta et al. 2016).   
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1.3 The zebrafish model 

1.3.1 Zebrafish use in research 

Zebrafish (Danio rerio) is a small (3-4 cm) freshwater teleost belonging to the Cyprinidae family 

and hailing from Asia (India, Pakistan, Bangladesh and Nepal). Zebrafish use as a research model 

is rapidly catching on as it confers a number of advantages in comparison to other animal models, 

such as mouse or rat. These advantages include: relative low cost of maintenance; easy 

manipulation; external fertilization, which avoids the sacrifice of mothers to study embryonic 

development; high numbers of fertilized eggs from a single mating, which guarantee samples 

numerousness; possibility of directly observe organ development due to optical transparency of 

embryos within the first 24 hours post fertilization (hpf), a window which can be further expanded 

by preventing pigmentation through addition of 1-phenyl 2-thiourea (PTU) to fish water (Karlsson, 

Von Hofsten, and Olsson 2001). Zebrafish is widely used as a tool to study gene functions in 

biological processes and their involvement in disease insurgence. It is a good tool to model human 

diseases by either inducing a transient dysregulation of specific gene expression or by generating 

mutant lines carrying disease-associated mutations. 

To transiently modulate gene expression, in terms of gene knockdown or gene overexpression, the 

most applied method is to inject specific gene sequences in zebrafish embryos at 1-cell stage of 

development (Rosen, Sweeney, and Mably 2009). A specific gene knockdown can be obtained by 

injection of a specific modified antisense oligonucleotide sequence, called morpholino (MO), 

which can bind mRNA at the level of either ATG transcription start site, or a specific splicing site. 

In the first case, protein synthesis is completely blocked (Nasevicius and Ekker 2000); in the 

second case, exon skipping or intron retention leads to the synthesis of a defective protein (Draper, 

Morcos, and Kimmel 2001). Overexpression of a specific gene can be performed by injecting the 

relative full -length mRNA sequence. The main limitations of this technique are the transient 

activity of morpholino, which maximum effect is reached at 3 days post-fertilization (dpf) by 
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totally disappearing at 6 dpf (Nasevicius and Ekker 2000), and transient expression of mRNA 

which undergoes a rapid degradation.  

To overcame these limits, it would be possible to generate zebrafish mutants, carrying specific 

gene mutations. Generation of mutant lines can be achieved by multiple systems such as N-ethyl-

N-nitrosurea (ENU) (Mullins et al. 1994), a method consisting in adult zebrafish males exposure 

to ENU in order to mutagenize their sperm before mating with adult females, thus giving birth to 

a spawn carrying heterozygous mutations. This technique is highly efficient but it is limited by the 

randomness of induced mutations (Moens et al. 2008). In recent years generation of mutant 

zebrafish lines improved both in terms of efficiency and specificity due to introduction of genome 

engineering techniques which allow precise gene editing, such as zinc-finger nuclease (ZFN), 

TALEN and CRISPR/Cas9 technology (Porteus and Carroll 2005; Sander et al. 2011; M. Li et al. 

2016). 

Zebrafish genome editing is also widely used to generate transgenic reporter lines that express a 

fluorescent reporter gene, such as GFP or mCherry, in specific cells or tissues in different 

conditions. To generate a transgenic zebrafish line using gene editing technologies a knock-in 

should be performed to insert the coding sequence of a reporter gene in a specific gene locus, 

downstream the promoter sequence which can control the tissue specific expression of reporter 

gene in different conditions. For example, the Tg(CD41:GFP) line expresses GFP in 

haematopoietic stem and progenitors cells (HSPCs) (Lin et al. 2005; Ma et al. 2011), while in the 

Tg(TOPdGFP) line GFP expression is under control of canonical WNT pathway activity (Dorsky, 

Sheldahl, and Moon 2002). 

In addition to genetic studies, zebrafish also represents a good model for drug testing, as it offers 

several advantages in drug screening compared to other in vitro and in vivo models (MacRae and 

Peterson 2015). In fact, the large number of embryos obtained by a single mating allows to test 

several molecules or different doses of a specific drug at once. Also, treatment with drugs is easy 

to perform, as embryos can adsorb small compounds directly from fish water. Additionally , the 
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transparency of embryos permits direct observation of organs development, thus giving an 

immediate read-out of specific and side effects of tested drugs.  

 

1.3.2 Zebrafish as a model to study HDAC8 

Several molecular mechanisms and developmental processes are highly conserved between 

zebrafish and mammals. Therefore, the zebrafish is a valuable model to study HDAC8 functions 

in physiological processes and related disorders. These include haematopoiesis and AML, 

neurogenesis and CdLS, skeletal muscle development and DMD. Zebrafish is widely adopted as 

a model to study haematopoiesis and haematological disorders. In zebrafish two haematopoietic 

waves occur, primitive and definitive, which are temporarily separated by a transient intermediate 

wave (Bertrand et al. 2007; Paik and Zon 2010). Primitive haematopoiesis begins at the 2-somite 

(around 10.5 hpf) stage of embryo development and gives rise to erythroid and myeloid lineages 

cells (Detrich et al. 1995; Bennett et al. 2001; Lieschke et al. 2002). In definitive haematopoiesis, 

which begins at around 30 hpf, self-renewing haematopoietic cells (HSCs), which differentiate in 

all blood cell types and sustain haematopoiesis throughout adulthood (Bertrand et al. 2010), arise. 

Zebrafish represents a useful model to study haematopoiesis as oxygen exchange in zebrafish 

embryos can entirely rely on passive diffusion until 7 dpf, thus making possible to use it as a 

powerful tool to study haematopoiesis-related mutations that would be lethal in other models, such 

as mouse (Gore et al. 2018). Furthermore, despite haematopoiesis takes place in different sites 

compared to mammals, genes and molecular mechanisms regulating this process are highly 

conserved (Potts and Bowman 2017). This knowledge led to the generation of several transgenic 

lines for specific blood populations, which allow an easy and rapid read-out of perturbation of 

haematopoietic processes and represent a powerful tool to study haematopoietic disorders. In 

particular, zebrafish is extensively used to study AML, both by employing mutant lines carrying 

AML -specific mutation or chromosomal rearrangements, such as AML1-ETO (Yeh et al. 2008), 

or by taking advantage of transgenic lines to assess the effect of dysregulation of specific genes, 
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such as nucleophosmin (NMP1) (Barbieri et al. 2016; Mazzola et al. 2019), on haematopoietic 

progenitor self-renewal and differentiation capability. In this regard, the Tg(CD41:GFP) line (Lin 

et al. 2005; Ma et al. 2011) is a useful tool to study HDAC8 activity in HSPCs and its implication 

with AML.  

Analogously to haematopoiesis, also myogenesis occurs in two waves in zebrafish. The primary 

myogenic wave takes place after somites formation and gives rise to a functional myotome by 24 

hpf; the secondary myogenesis occurs between 48 and 72 hpf and is characterized by 

differentiation of secondary muscle fibers (Rossi and Messina 2014). Despite some differences, 

such as the stage of skeletal muscle commitment and existence of a myogenic presomitic cell 

population (known as adaxial cells) in zebrafish (Stickney, Barresi, and Devoto 2000), molecular 

basis underlying skeletal muscle development are well conserved between zebrafish and 

mammals. These includes, for example, Myf5 and MyoD transcription factors (Rescan 2001). 

Importantly, studies demonstrated that zebrafish is a useful system to model DMD. In fact, by 

either generation of mutant lines (Bassett et al. 2003; Jeffrey R. Guyon et al. 2009), or by 

morpholino injection (J. R. Guyon et al. 2003), it is possible to obtain a sever DMD phenotype 

which better recapitulates human DMD phenotype than Mdx mouse (Maves 2014). Therefore, 

zebrafish represents a suitable model to study HDAC8 role in skeletal muscle development and its 

possible involvement in DMD. 

Zebrafish is a widely adopted tool to study neurogenesis, as its neurons show a degree of 

proliferation potentially higher than mammals during adulthood (Schmidt, Strähle, and Scholpp 

2013). Zebrafish embryonic neurogenesis begins as soon as gastrulation occurs and is regulated 

by factors and signaling pathways which are highly conserved in higher vertebrates. Some 

examples are Fgf and Wnt signaling (Schmidt, Strähle, and Scholpp 2013). Noticeably, the 

canonical Wnt signaling, in addition to neurogenesis (Zwamborn et al. 2018), is involved in 

skeletal muscle development (Rudnicki and Williams 2015), HSC self-renewal (Richter, Traver, 

and Willert 2017) and AML (Gruszka, Valli, and Alcalay 2019) and was demonstrated to be 
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modulated by HDAC8 (Tian et al. 2015). Indeed, zebrafish is widely adopted to study the 

canonical Wnt signaling (Dorsky, Sheldahl, and Moon 2002; Pistocchi et al. 2013; Barbieri et al. 

2016; Mazzola et al. 2019). Thus, it represents a suitable model to investigate HDAC8 role in the 

aforementioned processes.
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2. AIM  

Pan-HDACi are rapidly gaining interest for the treatment of diverse diseases, such as cancer. 

However, the use of pan-HDACi is still hampered by low specificity and safety issues, as several 

side effects are associated with them. More effective therapies which circumvent the adverse 

effects of pan-HDACi treatment might be developed by pharmacologically targeting single 

HDACs with their own activity. Since HDAC8 possesses a unique structure among HDACs it is 

possible to develop highly specific inhibitors, such as the PCI-34051. A more extensive knowledge 

of HDAC8 physiological function and involvement in diseases would make it possible to employ 

such specific inhibitors in order to improve the outcome of therapy for disorders involving HDAC8 

dysregulation. On this basis, the aim of this thesis is to study more in depth HDAC8 physiological 

and pathological functions and to evaluate its inhibition by the highly selective inhibitor PCI-

34051 by using both cell lines and the zebrafish (Danio rerio) model. Since HDAC8 is strictly 

associated to the cohesin complex, another objective of this thesis is to indirectly validate and 

expand our findings on HDAC8 function by assessing the role of another modulator of the cohesin 

complex: NIPBL.
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3. RESULTS: PUBLISHED PAPERS 

3.1 Modeling Cornelia de Lange syndrome in vitro and in vivo reveals 

a role for cohesin complex in neuronal survival and differentiation 

Cornelia de Lange syndrome (CdLS) is a multiorgan disorder which is associated to mutation in 

gene encoding for cohesin complex proteins, including HDAC8 loss-of-function mutations. A 

typical feature of CdLS is a severe intellectual disability, likely due to defects of central nervous 

system development. To assess the effect of HDAC8 deficiency in nervous system, in this work 

we downregulated the expression of HDAC8 in neural stem cells (NSCs) and evaluated their 

proliferation and differentiation capability. In parallel, we assessed the impact of HDAC8 

deficiency on nervous system development also in vivo performing hdac8 knockdown in the 

zebrafish model. 
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3.2 HDAC8 regulates canonical Wnt pathway to promote 

differentiation in skeletal muscle 

In our previous work we identified defects of tail structure in zebrafish embryos following hdac8 

knockdown. Indeed, such alterations might be due not only to the reported impairment of CNS 

development, but also to defects in other tissues, such as skeletal muscle. Since we observed hdac8 

expression in zebrafish muscle tissue, we sought to assess a possible involvement of HDAC8 in 

the development of skeletal muscle tissue. To test this hypothesis, in this work we characterized 

HDAC8 expression in the skeletal muscle tissue and assessed the effect of its inhibition by PCI on 

skeletal muscle development using both in vivo (zebrafish) and in vitro (C2C12 immortalized 

murine myoblasts) models.  
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